Abstract: Optically activated GaAs switches operated in their high gain mode are being used or tested for pulsed power applications as diverse as low impedance, high current pulsers, and high impedance, low current Pockels cell or Q switch drivers. These are important to firing sets in munitions, lasers used in detonation of munitions, and lasers used in large weapons effects simulators (such as Jupiter). For firing sets we have switched 2.8 kA at 3 kV dc charge in a very compact package. For driving Q switches, the load is the small (30 pF) capacitance of the Q switch which is charged to 6 kV. We have demonstrated that we can modulate a laser beam with a sub ns risetime. Some aspects of the switches that are relevant to most of these applications are lifetime (longevity), leakage resistance, jitter, and trigger energy. This paper will describe the specific project requirements and switch parameters in all of these applications, and emphasize the switch research and development that is being pursued to address the important issues.
Introduction: General Switch Results
Our research has focused on optically triggered, high gain GaAs photoconductive semiconductor switches (PCSS) for high speed, high power, high voltage electronics and optoelectronics. PCSS offer improvements over existing pulsed power technology. The most significant are: 100 ps risetime, kilohertz (continuous) and megahertz (burst) repetition rates, scalable or stackable to hundreds of kilovolts and tens of kiloamps, optical control and isolation, and the promise of solid state reliability. The switching properties that have been achieved with our lateral Si (in the linear mode') and GaAs (in the non-linear, high gain switching mode233) are summarized in previous papers. In this paper, we present results which demonstrate recent improvements in GaAs switching. The PCSS are being tested for use in applications such as: ultrawideband (UWB) transmitters, firing sets, electro-optic modulators, current interrupters, and pulsed power applications such as MV accelerators that operate at high repetition rates. Each of these applications imposes a different set of requirements on switch properties. Table I shows the best results obtained with the switches for these applications. The results are not simultaneous. I 5 x lo4, (at 77 kV) The GaAs switches used in this experiment are lateral switches (see figure 1) . We use undoped GaAs of high resistivity >lo7 R-cm. At electric fields below 4 kV/cm, the GaAs switches are activated by the creation of, at most, one electron hole pair per photon absorbed. This linear mode demands high laser power, and after the light is extinguished, the carrier density decays exponentially in 1-10 ns. At higher electric fields these switches behave very differentl~.~ On triggering, the high field induces carrier multiplication so that the amount of light required is reduced by as much as five orders of magnit~de.~ We have used trigger energies as low as 180 nJ to deliver 48 Mw in a 30-50 R system? In the "on" state the field across the switch stabilizes to a constant called the lock-on field.
The switch current is cixcuit-limited provided the circuit maintains the lock-on field. As the initial (prior to triggering) field increases, the switch risetime decreases and the trigger energy is reduced. During high gain switching the switches eimit bandgap radiation due to carrier recombination. When this radiation is imaged, filaments are observed, even if the triggering radiation is uniform.6s7 The filaments have current densities of several MA/cm2 and diameters of 15-300 pm. The work in this field has been presented at various conferences?
High Current, Compact Laser, and High Off Resistance Conventional high current firing sets are complex, demanding systems consisting of a power supply, high voltage capacitor, high voltage vacuum tube switch, and resistive detonator or bridge which launches a flyer at high velocity. The system requirements on the high voltage switch demand precise timing, small volume, high voltage, high current, and very low inductance to produce fast current risetimes with a sub-R load. PCSS are being developed for firing sets because of their extremely fast switching and small physical volume and because they utilize standard semiconductor processing techniques. The specific system that we have tested consists of a 120 nF ceramic capacitor which is discharged through the switch into a 0.25 R load. The capacitor is either dc or pulse charged to 3 kV. When the switch is triggered, the current waveform must have a risetime of c30 ns with a peak current of 3 kA. Althoug,h this circuit seems to be a simple RC circuit, stray inductance and the inductance in the capacitor and switch are large enough to affect the waveform. In practice the system's inductance determines the risetime and peak value of the current waveform.
The most important demands of the firing set application are: high current, low inductance, high dc voltage standoff, high resistance prior to switching, and small size (including the trigger laser).
We first demonstrated low inductance, high current switching with a pulse-charged capacitor. This is shown in figure 2. The current waveform peaks at 2.9 kA (for a charge voltage of 3 kV), with a risetime of 27 ns. The switches that we used for this demonstration were n-i-n, with Ni-Ge-Au-Ni-Au metallization for each of the n contacts. Their insulating region separating the two contacts was 0.5 mm (the active length), the total contact width was 5.0 mm. Because of high electric fields the switches were immersed in a dielectric liquid (FluorinertB). Pulse charging of this configuration was required because the resistance across the switch, prior to switching, (the "off resistance") was about 1 MR. Also, continued bias at high voltage results in heating and further reductions of the resistance. For this test, a laser diode array was used to trigger the switch. The array consisted of three laser diodes coupled to a 400 pm fibeir optic. The array delivered 1.6 pJ in 27 ns at 808 nm to illuminate the switch. The circuit that powered this laser was not optimized for size. It occupied an area of about 5 cm by 5 cm and required a 40 V trigger and a 400 V supply. To demonstrate that the laser diode array electronics could be made considerably smaller we developed a compact driver that consisted of a ceramic capacitor (4.7 nF) and an avalanche transistor coupled to a similar laser diode array. The trigger voltage was reduced to 5 V. The overall size was 4 x 8 x 1 m3 with a wavelength of 880 nm and an energy of 1.36 pJ. The optical waveform is shown in figure 3. The pulse width was 19 ns, with a risetime of about 6 ns. The pulse width was reduced because the GaAs carrier lifetime is about 10 ns. This laser diode array was also used to reproduce the waveform in figure 2. In this case, however, the laser illuminated the switch directly without the use of a fiber optic. The switch was pulse charged.
High off resistance allows dc charging of the switch and reduces leakage current, thereby reducing system size and complexity, and increasing safety. By suitable redesign of the switches, changing the dielectric liquid that surrounds the switch, and passivating the surfaces, resistances as high as 5 GR were obtained. The switches used to achieve high off resistance were p-i-n switches with Ge-Au-Ni-Au for the n contact and Au-Be for the p contact. The switches were tested with reverse bias (dc). Figures 4 and 5 show the effect of passivation on the resistance vs. voltage curve. Figure 4 5 ;hows data for switches w i t h an insulating region that was 1 mm long and 5 mm wide. The passivated switch had high resistance at dc voltages as high as 3 kV (250 MQ at 3 kV). Figure 5 shows similar results with switches that were 0.5 mm long and 2.5 mm wide. The resistance of the passivated switch was 140 MR An important system requirement for the switch is an off resistance greater than 100 MQ.
at 3 kV and for the unpassivated switch the resistance is down to 5.7 MR when tests were stopped at 2 kV. This shows that it is the surface leakage that was causing the low resistance for the unpassivated switches.
Switches were then operated at high dc voltage. The current waveform is shown in figure 6 . The p-i-n switch used was a 0.5 mm long by 2.5 mm wide. The switch was reverse biased, dc charged to 3 kV, and triggered with the fiber optic coupled array. The peak current was about 2.7 kA with a risetime of 21 ns. The volume of this system, including the laser diode driver discussed above, was about 40 mm3 and the cost was of the order of $200. Cost and volume trends over time for similar devices operated under similar conditions are is shown in figure 7 .
Multiple Pulses. Damage Mechanism, and High Gain Mechanism It is also a goal to investigate what is required to obtain multiple pulses. In the data of the previous section, the switch was either destroyed during the switching action or was rendered useless because its resistance became too low. Figure 8 shows the current pulses on two consecutive pulses on the same switch. The first pulse achieved a peak current of 2.65 kA, the second peaked at 2.3 kA. For this test we used a 1.0 mm long by 5 mm wide switch to distribute the current. We can also use two switches in parallel, as shown in figure 9 . With only one 0.5 mm long by I " wide switch the peak current is about 1.4 kA. Using two switches (of the same size) in parallel, a peak current of 2.4 kA was recorded and reduced damage.
To understand the switch damage we measured the switch voltage and the switch current for a 0.5 mm long by 5 mm wide n-i-n switch. The switch was pulsed charged to 3 kV and triggered with the fiber optic coupled laser. The current waveform was that shown in figure 2. The switch voltage is shown in figure 10 . It starts at about 3 kV, and after switching drops to close to the expected value of 300 V. From previous tests at low current, we expected the switch voltage to be relatively constant in time and equal to a lock-on field of about 6 kV/cm times the switch length which in this case it is 0.05 cm. What was surprising is that the switch voltage then rises to about 600 V and then falls, approaching 100 V. The power dissipated in the switch is shown in figure 11 . It reaches 1.6 MW. The total energy deposited on the switch was 0.12 J out of an initial energy of 0.54 J. This switch lasted only one pulse. The current in the switch was filamentary. The best estimate of the filament size under these conditions is 200 pm diameter and 0.05 cm long. If 0.12 J is deposited in such a volume of GaAs the temperature rise is just over 1,000 C. This value is close to the melting point of GaAs which is 1238 C. The damage mechanism may be melting of the GaAs. A more accurate, direct measurement of the temperature is being planned.
An important result is that the voltage across the GaAs switch was not constant even at a few tens of nanoseconds after switching when the filament temperature was probably low. Since the discovery of the high gain effect3, all experiments that recorded the switch voltage for times longer than 30 ns have seen a relatively constant voltage. The difference here could be due to many factors related to, and made noticeabIe by the high current. One possibility for the change could be a small contact resistance. In similar switches we have tried to measure the contact resistance (at low voltage, in the linear mode) by illuminating the insulating region with high laser fluence to reduce its resistance below the contact resistance. Those experiments are very difficult but preliminary results have shown resistances as high as 2 Q. At high current, the voltage drop across a small contact resistance would add to the switch voltage drop. If the contact is heated, and the resistance drops, the voltage would be reduced. Qualitatively, that is what we observe. Another reason for why we do not see a constant voltage relates to a theory of high gain switching' that result in an S-shaped I-V curve. That is, that an S shape describes the current (ordinate)-voltage (abscissa) curve. Because most of the previous experiments had been carried out at impedances of 50 Q, perhaps only a small subset of the S-shaped curve (the vertical part) had been measured. In that part the current rises but the voltage is constant. By increasing the current one can move to the top part of the S shape where both voltage and current are varying. A final possibility is that this result was obtained with low laser energy, as compared to most previous results at higher energy with flashlamp pumped lasers. Experiments to understand the variation in switch voltage as a function of current are being pur~ued.~ High Gain GaAs for Electro-Optic Modulators An important application of high gain PCSS is in the production of fast voltage risetimes that control an electro-optic modulator such as a Pockels cell or a Q-switch. In this experiment we have placed a Pockels cell in the output of a Nd:YAG (1064 nm) laser. The laser pulse has a duration of about 30 ns. We want to demonstrate electro-optic modulation by allowing only half of the laser pulse to be transmitted. The crucial parameter is the risetime of the off to on transition which we want to reduce to below one nanosecond. Electrically, the Pockels cell is a capacitor of about 30 pF. The circuit (figure 12) we implemented charges this capacitance and keeps it charged while the first part of the laser pulse enters the Pockels cell. Then the high gain PCSS is activated and the switch shorts the capacitance of the Pockels cell. The current risetime determines the risetime or falltime of the optical transition. Figures 13 shows the current and figure 14 the optical signal with a risetime of 600 ps. s u m "
For the fuing set application, we have achieved a reduction in the size of the switch, laser diode array, and laser diode array driver by two orders of magnitude; increased the off resistance of the switch (to reduce leakage prior to laser activation) from 1 MR to >lo0 MQ; eliminated the need to pulse charge the switches and used a dc charge (3 kV); and studied the issues in achieving multiple shots with a single switch, having obtained two pulses that meet the specifications. Because of these improvements PCSS was demonstrated to be a practical switch technology capable of meeting the goal of delivering 3 kA into the detonator load from a 0.120 pF capacitor charged to 3 kV. The switch voltage was not constant after switching and the implications of this are being pursued. For the electro-optic modulator, we have shown that the switch can control a Pockels cell producing sub-ns optical risetimes.
- Figure 1 . Schematic of the lateral switches used in this study. In the circuit a ceramic capacitor, 120 nF, is discharged through the switch to a 0.25 n load in a low inductance configuration.
Figure 2. The current waveform for a 0.5 x 5 mm2 n-in switch triggered with a fiber-coupled laser diode array (808 nm, 1.6 pJ). The capacitor was pulse charged to 3 kV. The peak current is 2.9 kA, the risetime is 27 ns. applied dc and the current is measured after 10 seconds.
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Figure 6. The current waveform for a capacitor dc charged at 3 kV. We used a 0.5 mm long by 2.5 mm wide p-i-n switch triggered with a fiber optic coupled laser diode array at 808 nm (1.6 jd). The peak current is 2.7 kA, the risetime is 21 ns. . Current waveforms for one switch and for two switches in parallel. The switches were all 0.5 mm by 1 mm wide (p-i-n) and triggered with the fiber optic coupled laser (808 nm, 1.6 pJ). Peak currents are 1.47 Figure 10 . The voltage across the switch for the same pulse described in figure 3 . Note that the voltage drops to close to 300 V and does not remain constant.
kA (for 1 switch) and 2.44 kA (for 2 in parallel). Time (ns) Figure 13 . Current waveform for Pockels cell experiment. The peak current is about 200 A and lasts for about 2 ns.
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~ trigger - Figure 12 . Circuit for Pockels cell experiment. The Pockels cell is pulsed charged to 6 kV and discharged through the switch. The voltage pulse duration is a few p. The diodes allow the Pockels cell to remain charged for longer times. The 20 R resistor and the switch resistance must match the transmission line impedance to avoid voltage reflections that cause ringing.
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Figure 14. Optical waveform with Pockels cell switching. The falltime is about 600 ps. The noise after switching is due to mode beating in the laser and does not represent noise in the Pockels cell.
